Many colleges and universities across the globe now offer bachelors, masters, and doctoral degrees, along with certificate programs in bioinformatics. While there is some consensus surrounding curricula competencies, programs vary greatly in their core foci, with some leaning heavily toward the biological sciences and others toward quantitative areas. This allows prospective students to choose a program that best fits their interests and career goals. In the digital age, most scientific fields are facing an enormous growth of data, and as a consequence, the goals and challenges of bioinformatics are rapidly changing; this requires that bioinformatics education also change. In this workshop, we seek to ascertain current trends in bioinformatics education by asking the question, "What are the core competencies all bioinformaticians should have at the end of their training, and how successful have programs been in placing students in desired careers?"
Background
Bioinformatics is an intrinsically multidisciplinary field, which makes educating students across this educational continuum difficult. Therefore bioinformatics education has been dubbed an NPhard problem. 1 In 1998, Professor Russ Altman led the charge to formalize bioinformatics education at the graduate level. He specified five competency areas for bioinformatics training: biology, computer science, statistics, ethics, and core bioinformatics yet cautioned against defining the curriculum too narrowly. 2 Previous workshops, RECOMB-BE and ISMB-WEB, have discussed bioinformatics education at the graduate and undergraduate levels 1 , and the AMIA has suggested a list of biomedical informatics core competencies. 3 Defining bioinformatics curricula is a global effort.
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Challenges
There are many challenges associated with bioinformatics education, including faculty/instructor knowledge, computing resources, and breadth of knowledge required for bioinformatics training. 9 One of the major challenges graduate programs face is a lack of widespread adoption of these courses at the high school and undergraduate levels. Professors Ned Wingreen and David Botstein state, "The problem begins early in undergraduate education, and by the doctoral level there are severe interdisciplinary communication difficulties that are encountered by even the most motivated of collaborators." 10 Many have examined tactics to bring bioinformatics into the high school classroom in order to make the connection between biology and computation. [11] [12] [13] Others have incorporated bioinformatics into biology, chemistry, and computer science undergraduate courses. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Summer programs have been shown to be efficacious in helping students step into bioinformatics careers. 24 Strategies to mitigate problems surrounding this educational divide are paramount to having an efficacious program that trains successful students.
Another challenge for graduate training programs is the depth of multidisciplinary understanding needed to produce bioinformatics scientists instead of technicians.
9, 25 Ranganathan et al. have proposed a "minimum skillset" for bioinformaticians 26 , and we would like to further address this to ask, "What are the key concepts and skills that one must graduate with in order to be successful today?" The modern biomedical researcher must be able to speak more than one language to successfully collaborate in a highly interdisciplinary environment; therefore it is beneficial to train a new generation of researchers who are well versed in the quantitative biomedical sciences and thus crucial to understand how such training programs succeed or fail. It would be valuable to faculty and directors of current programs or for those interested in bringing multidisciplinary programs to their institution to learn approaches and strategies for program development from existing and nascent programs. A few of the presentation and discussion topics
Workshop Contributions
Russ B. Altman is the Director of the Biomedical Informatics Training Program (BMI) at Stanford University. BMI is an interdisciplinary program that focuses on learning to develop and apply quantitative and computational methods to various biological and medical problems. BMI students represent a spectrum of educational backgrounds such as biology, research and clinical medicine, computer science, statistics, engineering, and a number of other fields. The faculty members come from a broad range of departments, including Bioengineering, Computer Science, Genetics, Medicine, Pediatrics, Radiology, and Statistics to provide research training and coursework in a number of related fields.
Ph.D. candidates are required to take core BMI classes, electives in computer science, statistics, mathematics, engineering, and allied informatics-related disciplines, coursework in social, legal, and ethical issues, and have access to unrestricted electives. BMI also aims to ensure students develop the ability to communicate their ideas and research effectively by having requirements and opportunities to present in journal clubs, colloquia, and lab meetings. BMI has successfully produced over 100 graduates who have pursued a number of different careers and can be found as distinguished faculty at top universities and medical schools as well as industry leaders at major corporations and startups. Faculty members include physicists, chemists, molecular biologists, organismal biologists, ecologists, behavioral biologists, mathematicians, statisticians, and computer scientists. With access to such resources and technology in numerous scientific disciplines, BCB graduate students can no doubt become versatile members of the scientific community in whatever career path they decide to follow.
Lawrence E. Hunter is the Director of the Center for Computational Pharmacology and the Computational Bioscience Program at the University of Colorado Denver. The Computational Bioscience Ph.D. program curriculum is designed to integrate training in both computation and biomedical sciences with a student's research and teaching activities. Therefore, graduate students are expected to emerge from this program as independent researchers with a solid foundation in computational methods and molecular biomedicine, the science and technology comprising the two, as well as the skills to collaborate, communicate, and develop computational approaches that can be applied to a wide variety of biological problems.
Faculty represent a breadth of scientific research with multiple appointments in the departments of Medicine, Pharmacology, Biometrics, Biochemistry & Molecular Genetics, Computer Science, as well as from National Jewish Health. Four key competencies: knowledge, communication, professionalism, and life-long learning skills structure the core of the program's teaching philosophy. The Computational Bioscience Program recognizes that bioinformatics is a rapidly evolving field, and while these core objectives will remain steadfast, they are committed to continually reviewing, revising, and improving their curriculum to keep pace with this evolution.
Jason H. Moore is the Director of the Institute for Quantitative Biomedical Sciences (iQBS) at Dartmouth College. IQBS is based on the idea that biomedical research studies move through a series of related activities that require a specific skillset and a specific scientific language. In any given study, there are specialists who design the experiment, who collect and organize the data, who analyze the data and who interpret the data. The major areas of expertise are bioinformatics, biostatistics and epidemiology. While there is some overlap, there is no one discipline that incorporates understanding across the entire process.
To cover these three disciplines both in student research and coursework, the program is interdepartmental with faculty from the Departments of Biological Sciences, Community and The overarching goal of QBS is to prepare students for productive careers as quantitative scientists in the biomedical sciences by cross-training Ph.D. students and providing in-depth collaborative experiences in specific applications. Successful students will be able to effectively lead biomedical research studies from start to finish or participate as interdisciplinary members of large collaborative groups. QBS is an innovative approach to graduate training that combines multiple disciplines to train the next generation of collaborative scientists.
David A. Ross is the Director of Computational Biology at Celera. Celera is well known for its original mission to sequence the human genome and subsequently provide clients with early access to this data. Since then Celera has made important contributions to scientific research by developing "shotgun" sequencing and commencing the Applera Genomics Initiative, an effort that identified over 40,000 novel SNPs which became the foundation for new genetic tests that Celera is developing. Today, they provide a number of services including diagnostic products used for personalized disease management. Celera represents the interdisciplinary nature of biotechnology, where a student with interdisciplinary training would be an asset in many ways. Dr. Ross' perspective on the bioinformatics training needed to be successful in an industry-based career will be welcomed.
